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Abstract
Background: Cardiovascular magnetic resonance feature tracking (CMR-FT) is a novel tissue tracking technique
developed for noninvasive assessment of myocardial motion and deformation. This preliminary study aimed to
evaluate the observer’s reproducibility of CMR-FT in a small animal (mouse) model and define sample size
calculation for future trials.
Methods: Six C57BL/6 J mice were selected from the ongoing experimental mouse model onsite and underwent
CMR with a 3 Tesla small animal MRI scanner. Myocardial deformation was analyzed using dedicated software
(TomTec, Germany) by two observers. Left ventricular (LV) longitudinal, circumferential and radial strain (EllLAX, EccSAX
and ErrSAX) were calculated. To assess intra-observer agreement data analysis was repeated after 4 weeks. The sample
size required to detect a relative change in strain was calculated.
Results: In general, EccSAX and EllLAX demonstrated highest inter-observer reproducibility (ICC 0.79 (0.46–0.91) and 0.73
(0.56–0.83) EccSAX and EllLAX respectively). In contrast, at the intra-observer level EllLAX was more reproducible than
EccSAX (ICC 0.83 (0.73–0.90) and 0.74 (0.49–0.87) EllLAX and EccSAX respectively). The reproducibility of ErrSAX was weak
at both observer levels. Preliminary sample size calculation showed that a small study sample (e.g. ten animals to
detect a relative 10% change in EccSAX) could be sufficient to detect changes if parameter variability is low.
Conclusions: This pilot study demonstrates good to excellent inter- and intra-observer reproducibility of CMR-FT
technique in small animal model. The most reproducible measures are global circumferential and global longitudinal
strain, whereas reproducibility of radial strain is weak. Furthermore, sample size calculation demonstrates that a small
number of animals could be sufficient for future trials.
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Background
Clinical decision making mostly relies on a quantitative
assessment of cardiac structure and function with left
ventricular (LV) mass, volumes and ejection fraction
(EF) being as critical parameters in many more situa-
tions than just selection of appropriate treatment strat-
egy or prediction of cardiac outcomes [1]. However, all
these parameters as global quantitative measures have
some important limitations [2].
The superior measure for the assessment of global and
regional myocardial function is myocardial strain which
represents the percentage change in dimension from the
resting phase to one achieved of a force or stress [3].
Majority of imaging techniques for myocardial deform-
ation rely on identification and tracking of specific ana-
tomical features. The cardiovascular magnetic resonance
(CMR) tissue tracking approach is comparable with
speckle tracking echocardiography where myocardium
typically has a speckled appearance. In general, a tissue
tracking method begins by identifying a relatively small
window on one image and searching for the most com-
parable image pattern in a window of the same size in
the subsequent frame [4]. Due to the lack of intramyo-
cardial landmarks and excellent contrast between blood
pool and myocardial tissue, CMR feature tracking
(CMR-FT) technique focuses on endocardial and epicar-
dial contouring [5].
Measurement of strain using CMR imaging became
possible after the introduction of myocardial tagging
techniques in which created tagging patterns provide in-
formation about myocardial motion during the entire
cardiac cycle [6, 7]. However, the need for additional
image acquisition and time consuming post-processing
makes this technique less attractive.
CMR-FT technique provides quantitative information
about myocardial deformation using conventional bal-
anced steady state free precession (bSSFP) cine images
and can be used in the assessment of the myocardial
mechanics of all cardiac chambers [8–10] and in vari-
ous clinical scenarios [11–13]. The CMR-FT algorithm
is based on optical flow technology and was commer-
cially introduced by several vendors. Interestingly, new
calculation algorithms such as non-rigid, elastic image
registration has been validated recently and became
available in real-life setting [14].
CMR-FT has been validated against myocardial tag-
ging technique for the assessment of regional myocar-
dial motion in humans [15, 16]. Furthermore, recent
studies have shown that myocardial deformation pa-
rameters may predict future events [17–19] or antici-
pate response to treatment [20, 21]. Thereby, regional
myocardial deformation parameters became a promis-
ing new biomarker to detect subtle changes in myo-
cardial motion.
Current literature reports excellent inter- and intra-
observer agreement [22–24] and high inter-study repro-
ducibility [25] of quantitative assessment of myocardial
mechanics using CMR-FT. Importantly, derived myocar-
dial deformation parameters are similar and highly
reproducible in subjects examined at different field
strength MRI scanners [26]. However, there are no studies
assessing reproducibility of myocardial deformation pa-
rameters in small animals.
Accordingly, we performed this preliminary study to
evaluate inter- and intra-observer reproducibility of
CMR-FT derived strain measurements in a small animal
(mouse) model. Also, we calculated the necessary study
sample size to define the number of animals required for
future studies.
Methods
Six C57BL/6 J male, mice were randomly selected from
the ongoing experimental mouse model onsite. Animals
used in this study were maintained in accordance with
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health. The study
was approved by the local authorities (G0099/14).
Cardiac magnetic resonance
All CMR measurements were performed on a 3 Tesla
small animal MRI system (MR Solutions, Guildford,
United Kingdom) with a quadrature birdcage cardiac
volume coil. After induction of inhalative anesthesia
using isoflurane-oxygen (4–5%), animals were placed
on a dedicated mouse sledge and MR-compatible ECG
electrodes were attached to the paws. Anesthesia was
maintained with isoflurane-oxygen (1.5–2%) to adjust
heart rate at 400–450 beats per minute. Images were
acquired using respiratory and ECG-gated gradient-
echo cine sequences in two-chamber long-axis, four-
chamber long-axis and five to seven short-axis planes
completely covering the LV. Relevant acquisition pa-
rameters included: 15 phases per cardiac cycle, repeti-
tion time (TR) 10 ms, echo time (TE) 3 ms, averages 4,
field of view (FOV) 40 × 40 mm, pixel size
0.15 × 0.15 mm, slice thickness 1 mm. All animals
underwent two CMR examinations with a four-week
time interval between each study.
Left ventricular volumetric and functional analysis
Volumetric analysis was performed offline using com-
mercially available software CMR42 (Circle Cardiovas-
cular Imaging Inc., Calgary, Canada). LV end-diastolic
(LV EDV) and end-systolic (LV ESV) volumes were
quantified using manual planimetry of the endocardial
and epicardial surface from short-axis stack and LV
stroke volume (LV SV), LV EF, myocardial mass and
cardiac output were calculated.
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Feature tracking
The cine images were used to calculate myocardial strain
and strain rate offline using dedicated software (TomTec
Imaging Systems, 2D CPA, MR, Cardiac Performance
Analysis, Unterschleissheim, Germany). Endocardial and
epicardial contours were manually drawn in both long-
axis and one mid-ventricular short-axis views at end-
diastole for each mouse by two independent observers.
After application of a tracking algorithm the software
automatically identified endocardial borders throughout
the cardiac cycle and computed mean segmental and
global myocardial strain and strain rate parameters. All
images were analyzed three times and derived measure-
ments were averaged. LV global longitudinal strain and
strain rate (EllLAX and SRllLAX) were calculated by aver-
aging the strain curves of both two-chamber and four-
chamber long-axis views (three measurements in two
imaging planes of two scans in six mice resulted in 72
measurements) whereas global circumferential and ra-
dial strain (EccSAX and ErrSAX) and strain rate (SRccSAX
and SRrrSAX) were derived using one mid-ventricular
short-axis view containing both papillary muscles (three
measurements in one imaging plane of two scans in six
mice resulted in 36 measurements) (Fig. 1). To assess
intra-observer agreement data analysis was repeated
4 weeks after initial assessment.
Statistical analysis
Reproducibility testing
Data was analyzed using Microsoft Excel and IBM SPSS
Statistics version 23.0 software (SPSS Inc., Chicago, IL,
USA) for Windows. Data are expressed as mean ± standard
deviation (SD). The Shapiro-Wilk test was used to deter-
mine whether the data was normally distributed. Non-
parametric variables were compared using the Wilcoxon
test. A p value of <0.05 was considered statistically signifi-
cant. Inter- and intra-observer reproducibility was quanti-
fied using intraclass correlation coefficient (ICC) and
Bland-Altman analysis [27]. Agreement was considered
excellent for ICC >0.74, good for ICC 0.60–0.74, fair for
ICC 0.40–0.59, and poor for ICC <0.40 [28].
Sample size calculation
Study sample size required to detect a relative 5, 8 and
10% change in strain with power of 90% and significance
of 5% was calculated as follows [29]:
n ¼ f α;Pð Þ∙σ2∙2=δ2
Fig. 1 Cine CMR images without and with endocardial contouring and examples of CMR-FT myocardial strain curves in mouse. A frame from cine
image of the LV two-chamber view depicting LV and LA (a). The same LV two-chamber cine image after application of tissue tracking algorithm
(b) and example of LV longitudinal strain curves obtained from two-chamber cine image (c). Cine image of LV short-axis view at mid-ventricular
level before (d) and after (e) automatic endocardial border detection. An example of LV radial strain curves derived from short-axis cine image (f).
LV = left ventricle; LA = left atrium; CMR-FT = cardiovascular magnetic resonance feature tracking
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where n is the sample size, α the significance level, P the
study power required and f the value of the factor for
different values of α and P (f = 10.5 for α = 0.05 and
p = 0.090), with σ the standard deviation of differences
in measurements between two studies and δ the desired
difference to be detected.
Results
Demographic characteristics, volumetric and functional
parameters of study population are summarized in Table
1. All studies were completed and image quality was suf-
ficient to perform CMR-FT analysis. Table 2 demon-
strates CMR-FT derived strain parameters obtained by
two observers.
Inter-observer and intra-observer reproducibility
The reproducibility for measurements was variable.
Mean differences ± SD, limits of agreement and ICC
for strain parameters are given in Table 3. There was
excellent inter-observer reproducibility for EccSAX: ICC
0.79 (0.46–0.91) and EllLAX: ICC 0.73 (0.56–0.83). In
contrast, the level of intra-observer reproducibility was
better for EllLAX: ICC 0.83 (0.73–0.90) and lower for
EccSAX: ICC 0.74 (0.49–0.87). The least reproducible
measure for both observer levels was ErrSAX: ICC 0.68
(0.37–0.84) and ICC 0.69 (0.41–0.84) for inter-observer
and intra-observer level respectively. Bland-Altman
plots demonstrate inter-observer and intra-observer
reproducibility for left ventricular EllLAX, EccSAX and
ErrSAX (Fig. 2).
Sample size calculation
The change in reproducibility has an impact on sample
size required to detect significant differences in strain
parameters. Table 4 lists the required sample sizes for
each strain measure. For example, to show a relative
10% change in EccSAX in mice would require ten animals
(not measures). In contrast, 85 mice are required to
detect a 5% change in ErrSAX with CMR-FT (power of
90% and α error of 0.05).
Discussion
The current pilot study was designed to assess the inter-
observer and intra-observer reproducibility of CMR-FT
for the analysis of strain and strain rate in a small animal
(mouse) model and to define the number of animals re-
quired for future studies. Our preliminary data analysis
demonstrates very promising results:
 CMR-FT can be used for quantitative assessment of
cardiac motion in small animals
 Good to excellent inter-observer and intra-observer
reproducibility was found for LV circumferential and
longitudinal strain, whereas radial strain is highly
variable between repeated measurements
 Sample size calculation demonstrates relatively small
sample size of animals (not measures) required to
detect a 5, 8 and 10% change in strain parameters.
Small animal models play an important role in the un-
derstanding of cardiac mechanics in the various types of
cardiovascular disease. There is growing evidence that
advanced measures of myocardial deformation (strain or
torsion) are better predictors of outcome compared with
the routinely used ejection fraction or wall motion score
index [30]. However, in the past the majority of animal
experiments focused on changes in routine parameters
as LV mass, volumes and/or function. The analysis of
myocardial deformation offers quantitative assessment of
early changes in LV diastolic function [31] and new find-
ings in previously reported “negative” studies or studies
with no obvious effect after therapy may improve our
understanding of the underlying pathophysiology.
Table 1 Demographic, volumetric and functional characteristics
of study subjects
Parameter Value
Study population (n) 6
Male gender 6 (100%)
LV EDV (μl) 40.60 ± 10.15
LV ESV (μl) 18.02 ± 7.32
LV SV (μl) 22.57 ± 6.90
LV EF (%) 56.18 ± 10.70
Cardiac output (ml/min) 9.70 ± 3.27
LV Mass (mg) 58.87 ± 13.56
Results are reported as mean ± standard deviation. LV left ventricle / ventricular,
EDV end-diastolic volume, ESV end-systolic volume, SV stroke volume,
EF ejection fraction
Table 2 Comparison of CMR-FT derived strain parameters
obtained by observers in six mice (72 measures for longitudinal
and 36 measures for circumferential and radial strain respectively)
Measurements obtained by two observers
(inter-observer level)
First observer Second observer
EllLAX (%) −10.32 ± 5.47 −11.97 ± 6.36
EccSAX (%) −9.60 ± 3.68 −11.97 ± 5.97
ErrSAX (%) 12.59 ± 6.78 12.64 ± 7.23
Measurements obtained by one observer
(intra-observer level)
First measurement Second measurement
EllLAX (%) −10.32 ± 5.47 −11.57 ± 6.84
EccSAX (%) −9.60 ± 3.68 −8.48 ± 6.50
ErrSAX (%) 12.59 ± 6.78 10.32 ± 7.88
Results are expressed as mean ± standard deviation. EllLAX left ventricular
long-axis longitudinal strain, EccSAX left ventricular short-axis circumferential
strain, ErrSAX left ventricular short-axis radial strain
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Table 3 Inter-observer and intra-observer reproducibility for LV longitudinal, circumferential and radial strain
Parameter Mean difference ± SD Limits of agreement ICC (95% CI)
Inter-observer EllLAX (%) −1.65 ± 5.38 −12.2 to 8.90 0.73
(0.56 to 0.83)
EccSAX (%) −2.37 ± 3.71 −9.64 to 4.89 0.79
(0.46 to 0.91)
ErrSAX (%) 0.05 ± 6.94 −13.55 to 13.66 0.68
(0.37 to 0.84)
Intra-observer EllLAX (%) −1.25 ± 4.62 −10.30 to 7.79 0.83
(0.73 to 0.90)
EccSAX (%) 1.11 ± 4.79 −8.27 to 10.50 0.74
(0.49 to 0.87)
ErrSAX (%) −2.27 ± 6.98 −15.95 to 11.42 0.69
(0.41 to 0.84)
Results are reported as mean ± standard deviation. ICC intraclass correlation coefficient, CI confidence interval. Other abbreviations as in Table 2
Fig. 2 Bland-Altman plots with limits of agreement (1.96 standard deviations) demonstrates the inter-observer and intra-observer reproducibility of CMR-
FT for LV strain parameters. The middle-dashed line is the mean of difference of measures. The upper and lower dotted lines are ±1.96 standard deviation.
EllLAX = left ventricular long-axis longitudinal strain; EccSAX = left ventricular short-axis circumferential strain; ErrSAX = left ventricular short-axis radial strain
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Previous studies have demonstrated the feasibility of
two-dimensional (2D) speckle tracking echocardiography
to assess myocardial motion in small animal models.
Peng et al., evaluated the feasibility of circumferential
and radial strain to detect LV dysfunction in a heart fail-
ure mouse models. They demonstrated that mice sub-
jected to transverse aortic constriction experienced an
immediate and sustained decrease in circumferential and
radial strain [32]. The technical challenges with 2D
echocardiography as limited imaging projections, small
animal hearts and lower spatial resolution still limit its
widespread use.
CMR-FT as a novel tissue tracking method became
available in 2009 [33] and immediately evoked great
interest in the CMR community. The CMR-FT algorithm
tracks the endocardial and epicardial borders over time
using conventional cine images. The advantages are that
CMR-FT does not require acquisition of additional se-
quences and helps to protect animals from prolonged
anesthesia. Furthermore, quantitative assessment of myo-
cardial deformation can be performed retrospectively as
cine images are a part of routine CMR study.
CMR-FT has been validated against the traditional
CMR tagging techniques and showed excellent correlation
between the two methods [34]. As opposed to speckle
tracking echocardiography, only a small number of studies
have been done using CMR tagging technique in small
animal models [35, 36] and none using CMR-FT.
The temporal resolution of the tissue tracking tech-
nique is very important to meaningful interpretation of
the results. If it is too low, an effect known as image de-
correlation appears and the local patterns could become
less comparable [4]. Under the conscious state the nor-
mal murine heart rate ranges from 500 to 700 beats per
minute (bpm) [37]. During anesthesia, we were able to
adjust mice heart rate at 400–450 bpm and achieve tem-
poral resolution of 15 phases per cardiac cycle. There
are no studies reporting minimal number of cardiac
phases required to assess myocardial strain using CMR-
FT. However, it should be mentioned that expected aver-
age temporal resolution in human studies is 25–35
phases per cardiac cycle (e.g., 30–40 ms at a heart rate
of 60 bpm) [38]. Future studies assessing the impact of
temporal resolution on the myocardial tracking accuracy
of CMR-FT in animals and humans are necessary.
Higher reproducibility enables smaller changes to be
detected with greater reliability. Comparative studies
have reported that the most consistent parameters de-
rived from CMR-FT are global circumferential and glo-
bal longitudinal strain [33, 34]. Augustine et al., reported
reasonable agreement between myocardial tagging and
CMR-FT for global circumferential strain but not for
longitudinal or radial strain. Inter-observer variability
was acceptable for circumferential, but poor for radial
strain [39]. Morton et al., evaluated inter-study reprodu-
cibility in healthy volunteers and found that global cir-
cumferential strain was the most reproducible measure
[22]. Studies analyzing reproducibility of myocardial
deformation parameters in small animal models are
lacking. Haggery et al., conducted a study to evaluate the
inter-observer and intra-observer variability in mice
using stimulated echo CMR (DENSE) and reported high
reproducibility for LV strains and torsion with better
agreement of measurements at the inter-observer level.
Myocardial strains were generally more reproducible
than corresponding strain rates [40].
To improve reproducibility in our study, all measure-
ments were derived three times. This strategy has been
reported to increase the reproducibility of measurements
in previous studies [10, 23]. Our study also demonstrates
good to excellent inter-observer agreement for global
circumferential and global longitudinal strain. In con-
trast, the reproducibility of longitudinal strain is better
at the intra-observer level. However, the reproducibility
of radial strain was weak, as expected and as reported in
previous human studies [35].
The variability between measurements is an important
factor for determining the ability of the technique to de-
tect relevant differences between the individuals or sig-
nificant change at follow-up examinations and becomes
important not only in the context of experimental stud-
ies, but also in the clinical setting [29]. Clinical practice
involves measuring of different parameters for a variety
of purposes, such as diagnosis of the disease or predic-
tion of future events. Measurements are almost always
prone to various types of errors which make the measured
value to differ from the true value. If these measurements
are performed by different observers, differences may be
due to bias of the observers [41].
In our study, inter-observer reproducibility and intra-
observer reproducibility of the LV global circumferential
strain were excellent while global longitudinal strain
demonstrated good inter-observer and intra-observer
agreement. The excellent reproducibility means that
parameters could be used to detect differences between
individuals or focus on intra-individual changes during
follow-up studies.
Table 4 Sample size calculation for LV longitudinal,
circumferential and radial strain to detect 5, 8 and 10%





EllLAX (%) −0.98 ± 7.96 53 21 13
EccSAX (%) −3.46 ± 6.84 39 15 10
ErrSAX (%) 3.48 ± 10.06 85 33 21
Abbreviations as in Table 2
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Sample size calculation is an important aspect of study
design and enables determination of how large the study
sample should be. Too small sample size can miss the
real effect, whereas too large sample size leads to un-
necessary waste of time and resources (animals). Esti-
mates of required sample size depend on the variability
of the population – the greater the variability, the larger
the required sample size. The most favored scientific
method in experiments is calculation of sample size by
power analysis. In the present pilot study, we estimated
the variability of the difference because the standard devi-
ation of a difference in measurement in an animal is lower
than variability of the population. Therefore, the number
of animals needed to test a hypothesis could be reduced
because the effect of animal-to-animal variation on the
measurement is eliminated [42]. In the light of the current
discussion of improving animal welfare by methodological
refinements to reduce suffering, ameliorated imaging
techniques are an important tool to achieve it.
Reproducibility and sample size are affected by image
quality and variability of measurements. We successfully
performed measurements in all animals and to decrease
variability of measurements used averaged results of re-
peated analyses. Nevertheless, our calculations could give
the impression that sample sizes required to detect rela-
tive changes in strain parameters are too low (e.g. ten ani-
mals per group are needed to detect a relative 10% change
in EccSAX or 13 animals for EllLAX). It is important to re-
member that the addition of a 25% dropout rate (propor-
tion of eligible subjects who will not complete the study
or provide only partial information) before planning a
study will further increase the final sample size. Despite
the small number of animals included in the study we
could demonstrate that myocardial deformation parame-
ters are highly reproducible. However, larger animal stud-
ies are necessary to confirm our preliminary findings.
Limitations
Our study is limited due to the small number of animals
and larger sample size may be required to detect more
subtle differences. In addition, CMR-FT was performed
on 2D and low temporal resolution (15 phases per car-
diac cycle) cine images.
Conclusions
Myocardial deformation parameters represent a new po-
tential biomarker for the detection of early myocardial
dysfunction. Cardiac mechanics parameters derived from
conventional cine images using CMR-FT technique in
small animal models are highly reproducible. The most re-
producible measures are global circumferential and global
longitudinal strain, whereas reproducibility of radial strain
is weak. Relatively small study sample size could be suffi-
cient to detect changes if parameter variability is low.
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